The production of Platinum Group Metals (PGM) normally entails the smelting of PGM flotation concentrates, converting of the furnace matte and removal of the bulk of the Ni, Cu, Co, S and Fe t h r o u g h a t m o s p h e r i c a n d p r e s s u r e l e a c h i n g i n a b a s e m e t a l s r e f i n e r y t o p r o d u c e a P G M -r i c h concentrate. A number of impurities, mostly Se, Te, As, Bi, Os and Pb, are not removed significantly during the oxidising leach process in sulphuric acid media. In addition slag inclusions in matte leads to contamination of the PGM residues with silica, fayalite, magnetite and trevorite phases. Furthermore some Cu, Ni, Fe and S also remain. For this reason a typical Precious Metal Refinery (PMR) feed material contains less than 65% PGMs. The PMR is based on a chloride process and requires contaminants to be within narrow specification limits to prevent the formation of PGM residues that must be reprocessed or tolled, leading to poor first pass metal efficiencies and extending the duration of the production pipeline for efficient recovery.
and precipitation circuit, the impurities contribute significantly to the formation of residues and effluents that must be reprocessed or tolled to recover PGMs. This leads to poor first pass metal recoveries and extends the duration of the production pipeline for efficient recovery. The recoveries and pipeline is especially impacted on the Other Precious Metals (OPMs) circuits. OPM is a term used to describe the metals of Ru, Rh and Ir.
This led to an initiative to develop a process to remove some of the impurities from the PMR feed in order to improve the first pass recoveries and reduce the residues that are created in the PMR process. The process philosophy followed a pyrometallurgical approach in an attempt to remove the bulk of the impurities with only a few processing steps. A process was developed that included the roasting, smelting and atomizing of the PGM concentrate in order to produce an alloy feed to the PMR. A pyrometallurgical process step has the advantage that it targets a wide range of impurities by making use of the noble nature of the PGMs (their resistance to oxidation and low vapour pressures at high temperatures). The results showed that a feed grade of around 90% PGM to the PMR could be achieved without significant losses of PGMs during the process. This paper will focus on the roasting of PGM concentrates, describing the oxidation and subsequent sublimation behaviour of elements in the PGM concentrate.
T h e B M R p r o c e s s h a s a n a t m o s p h e r i c o x i d a t i v e l e a c h t o d i s s o l v e N i s u l p h i d e s , p r i m a r i l y
Heazlewoodite (Ni 3 S 2 ) , M i l l e r i t e ( N i S ) a n d N i a l l o y ( V a n S c h a l k w y k e t a l . , 2 0 1 1 ) . C r u d e NiSO 4 .6H 2 O crystals, containing some CoSO 4 and FeSO 4 , serve as the outlet stream of Ni and S from the Lonmin BMR process. The atmospheric leach is followed by a 2 step pressure leach to bring Cu sulphides, primarily covellite (CuS), chalcocite (Cu 2 S) and cuprite (Cu 2 O) into solution (Dorfling et al., 2011) . The residue product from the final pressure leach contains between 48% and 50% PGM material. This residue is then processed using a high pressure caustic leach to remove Se, Te, Os and As from the residue and finally through a formic acid leach to reduce and dissolve complex Fe and Ni oxides before being dried and dispatched to the PMR. During the pyrometallurgical test work it became evident that the need for the high pressure caustic and formic acid leach would be eliminated, as the impurities that they are meant to remove would be controlled by the pyrometallurgical process itself. For this reason, the bulk of the test work was done on residue from the high pressure Cu leach that contains around 50% PGM and this paper will describe the behaviour of this material (referred to as third stage leach residue). By removing the caustic and formic leaching stages, the BMR process would be simplified and effluent generation, reagent cost and PGM losses could be reduced.
METHODOLOGY
This section will briefly describe the analytical methods used, Thermodynamic equilibrium modelling that was conducted with FactSage® and the different roasting test work campaigns.
Analysis

MLA/ SEM EDS to determine mineral phase composition and associations
The samples were analysed using a Quanta 600 Scanning-electron Microscope (SEM), fitted with Energy Dispersive Spectroscopy (EDS) detectors. The mineral / phase quantification was carried out by the Mineral Liberation Analyser (MLA®) software, to determine the mineral speciation of PGMs and associations with gangue components. The X-Ray Back-Scatter Electron (XBSE) technique was used in conjunction with MLA to determine the bulk mineralogy of the samples. This technique uses back-scattered electron (BSE) images to define phase boundaries and X-ray spectra to identify the mineralogy of each phase.
XRD bulk mineral phase quantification
X-Ray Di f f rac ti on ( XRD) an al y se s we re done on the f i rst se t o f ro asti ng te sts i n an e f fo rt to understand the mineral phase changes that occur at different temperatures. Rietveld refinement software (Kleeberg et. al., 2002) was used for the modal analysis of the minerals. A PANalytical X'Pert Pro powder diffractometer with X'Celerator detector and variable divergence-and receiving slits with Fe filtered Co-Kα radiation was used for data collection. Phases were identified using X'Pert Highscore plus software.
Chemical analyses
A suite of analytical methods were used to determine different elemental abundances in the samples. These are summarized below:
· Inductively Coupled Plasma -Optical Emission Spectrometry (ICP-OES) for Pt, Pd, Au, Rh, Ru, Ir, Ag, Al, Co, Cr, Cu, Fe, Mg, Mn, Pb and Zn. · Inductively Coupled Plasma -Mass Spectrometry (ICP-MS) for all low level determinations of the toxic elements (As, Se, Te, Sb, Sn, and Bi). Initial solid samples were prepared by either acid digestion or fusion (dependant on concentration). Os was also determined with ICP-MS. · LECO CS200 C/S analyser was used to determine total S content. · XRF was used for the full set of chemical element analyses. The XRF analyses proved to be an accurate indication of elemental removal efficiencies across the roasting step.
Thermo-Gravimetric analyses
Thermo-Gravimetric Analysis (TGA) and Differential Thermal Analyses (DTA) were performed on the material to understand the thermal behaviour and mass loss of the material. The sample was analysed with a Mettler Toledo 851STARe simultaneous DTA/TGA analyser.
Thermodynamic Equilibrium Modelling
Modelling of the roasting process was performed with FactSage® modelling software, version 6.2 (Bale, et.al, 2001 ). The modelling pointed to the temperature range and gaseous atmosphere that would be necessary to remove some of the volatile components. Modelling predictions were compared with actual experimental results to validate the databases, or to understand the limitations of applying equilibrium modelling to the studied system.
According to both the SGTE and SGNoble databases, the only solid solution phase that formed was the Face Centred Cubic (FCC) phase. Neither the FToxid or the FACT Spinel databases predicted any PGMs or volatile components (Os, As, Se, Te, Ag) to enter the spinel phase in the temperature range studied. For this reason only the ideal gas phase, pure solids phase and the SGNoble FCC solid solution phase were activated during the modelling runs.
A comparison was done between the SGTE and SGNoble databases with regards to their prediction of the FCC solid solution phase. This comparison was done with the "Normal" calculation method in Factsage with excess oxygen available in the system to ensure oxidation (140g air allowed per 100g third stage residue). The results from this comparison are shown in 
h a s e w i t h t h e S G N o b l e a n d S G T E d a t a b a s i s a c t i v a t e d r e s p e c t i v e l y ( " N o r m a l "
calculation option at 140g air per 100g third stage residue feed). 600°C  650°C  700°C  750°C  800°C  850°C  900°C  950°C  1000°C   Ir   SGNoble  0%  0%  0%  1%  3%  8%  25%  85%  99%  SGTE  0%  0%  1%  7%  26%  91%  100%  100% A comparison was also done between the "Normal" calculation option and the "Open" calculation option in FactSage. The "Normal" system evaluates set inputs into a system and then calculates equilibrium. The "Open" system evaluates equilibrium in steps; in each step the final equilibrium from the previous step is seen as the feed, while additional air is allowed into the system and the gas atmosphere from the previous step is removed. Since gas was continuous added and removed from the roasting test work performed, the "Open" method might be more appropriate from a modelling perspective. In both calculation methods a total of 140g of air was allowed per 100g of third stage leach residue. In the "Open" method, the air was added in steps of 10g for 14 steps. Table 2 below shows a comparison of the deportment to the gas phase (overall deportment) and the FCC solid solution phase for both the "Normal" and "Open" systems. Normal  28%  43%  59%  70%  74%  89%  91%  91%  93%  Open  90%  91%  95%  97%  98%  100%  100%  100%  100%   As  Gas  Normal  9%  100%  100%  100%  100%  100%  100%  100%  94%  Open  100%  99%  94%  94%  94%  94%  94%  100%  100%   Cu  FCC  Normal  0%  4%  20%  32%  38%  80%  100%  100%  100%  Open  7%  12%  22%  38%  48%  67%  89%  100%  100%   Rh  FCC  Normal  0%  0%  1%  2%  6%  11%  27%  49%  67%  Open  0%  0%  0%  1%  3%  8%  17%  40%  55% The results from Table 2 will be discussed in more detail under the relevant Discusion sections. In summary, the main difference between the two methods is related to the lower oxidation potential in the "Open" system when equilibrium is calculated in the first steps with low air addition. Due to incomplete oxidation of most elements, Pb is lost in volatile species like PbSe, PbTe and PbS, while S is lost in volatile species like SO 2 . As will be explained later, in the case of S, the "Open" system favourably compares to actual experimental results, when compared to the "Normal" system where complete oxidation occurs and stable sulphates form. However, in the case of Pb where the actual experiments did not show any Pb loss to the gas phase, the formation of the volatile Pb species like PbTe and PbSe probably do not happen, as Se and Te potentially oxidize during the heating cycle of the furnace.
Databasis
S Gas
The "Open" system better models the elemental deportment to the FCC solid solution phase by being closer to actual experiments results. FactSage modelling results from the "Open" system were used to interpret actual results in the Discussion section, except in the case of Pb where the "Normal" system better describes the measured results.
Roasting
Based on the Thermodynamic modelling and the Thermo-Gravimetric results, a first round of stationary bed roasting test work was done in a simple muffle furnace under normal atmospheric pressure and oxygen partial pressure conditions using 30g of material for each test. The roasting temperature was varied between 600°C and 1000°C. From this work it became clear that most of the elements behaved according to the thermodynamic equilibrium conditions predicted by FactSage, but specifically Te, As and Os failed to be extracted to the extent predicted, probably due to kinetic and mass transfer limitations.
A research campaign using a circulating fluidized bed was used for roasting tests on the third stage leach material. Here the samples were roasted in a vertical type fluidized bed reactor and again in a muffle furnace. The tests were performed with 80g of material per test and the experimental conditions varied from oxygen enriched (40% volume basis oxygen) conditions, through inert gas compositions (N 2 ) to reducing environments (20% CO and 80% N 2 volume basis gas). Combinations of gas atmospheres (for instance oxidative following reductive and vice versa) were also tested. The tests campaign had the following objectives:
· Optimise Te, As and Os removal · Compare different solid-gas contacting configurations, such as fluid-bed roasting versus stationary or moving bed roasting.
PGM CONCENTRATE CHARACTERIZATION
This section will discuss the general PGM concentrate characterization as well as the basic behaviour when the material is subjected to increased temperature. The following section will discuss the thermal speciation change and removal efficiencies in detail.
Chemical Composition
A typical composition of the third stage leach residue is provided in Table 3 below. The PGM content is 48.5%. Th e c h e m i c a l c o m po si t i o n p r o v i d e d i n Ta b l e 3 r e f l e c t s t h e f e e d s pe c i a t i o n u s e d f o r F a c t S a g e modelling. Even though the oxides of Ni, Fe and Co may form a range of mixed oxide spinel minerals, it does not significantly influence the thermodynamic modelling outcomes. More detailed mineralogical investigation with XRD and electron microscope equipped with EDS capabilities is provided in the following section. The ultrafine / colloidal nature of the particles in the PGM concentrate post pressure leaching, leads to particles with poor crystallinity, as indicated by the broad band of peaks in an X-Ray diffractogram.
Particle size distribution
Figure 1 reflects a typical particle size distribution of the third stage leach residue. During the process of roasting and even drying at 100°C, the particles tend to form agglomerates that are quite stable and the particle size change according to Error! Reference source not found.. In the wet product from the filter directly after the pressure leach step, 74% of the sample weight has a particle size smaller than 10 micron (as measured by a Malvern laser diffraction particle size analyser), while the dried/ roasted product contains the bulk of the mass in the particle size range between 500 micron and 2000 micron (measured by sieve analyses). The effect that the larger particle size (agglomerates) had on the removal of volatile compounds from the matrix was found to be negligible. After roasting, fine particles were separated from coarser particles by sieving and separate elemental analyses were performed on the two samples. No measurable difference in concentration of volatiles was noted.
XRD Analysis
Samples from the stationary bed roasting test work were subjected to bulk XRD analyses. Combined XRD patterns are shown in Figure 2 below. They show the changes in the major peaks as the roasting temperature is raised. Apparent is the change in the crystallinity of the phases with increase in roasting temperature. At 25°C the crystallite sizes of the phases are so small that the peaks are excessively broadened. At higher temperatures the peaks are sharpened due to recrystallization and annealing. The trevorite or spinel peak intensity increases with increasing temperature. The 600°C data show sharp peaks of the metals platinum and palladium, RhO 2 and PdO, as well as NiFe 2 O 4 and PbSO 4 . All the peaks are accounted for. The pattern for RuO 2 is very similar to that of RhO 2 and the pattern probably represents a mixture of the two phases.
The 1000°C data is characterized by the disappearance of the PdO and anglesite (PbSO 4 ) phases. This will be discussed in more detail later in the paper. The XRD pattern represents the phases of platinum, palladium, RuO 2 , together with trevorite, quartz and cristobalite. In this case RuO 2 is a better fit than RhO 2 , but the same argument as before is relevant, i.e that the peaks represent a mixture of the two.
Quantified results of the BMR 3rd stage leach residue roasted at different temperatures are shown in Table 4 . The increase in the trevorite (or spinel) content with increase in roasting temperature can be explained only partly. This has an effect on the quantities of the other phases. This will be discussed in more detail later. The reason presented for the increase in spinel phase is the formation of a mixed spinel that is refined as trevorite. An analysis of the cell constant of trevorite is also given in Table 4 . This shows a gradual increase in the a-cell parameter with a sudden decrease in the value obtained at the 1000°C roast. This decrease could signal the formation of a spinel with a different composition than trevorite, incorporating all the Fe, Ni, Cu, Cr, Mg, Al, and possibly even Ru and Rh. 
SEM Analysis with EDS on feed sample
Feed and roasted samples were analysed using a Quanta 600 Scanning Electron Microscope (SEM) equipped with Energy Dispersive Spectroscopy (EDS) and the Mineral Liberation Analyser (MLA) to determine the mineral speciation and abundance. To interpret the behaviour of volatile elements from the matrix, an understanding of the minerals at grain level is necessary. However, it became clear that the residue from the pressure leach in the BMR is extremely fine grained and amorphous, resulting in varying compositions which could not be assigned stoichiometric compositions. The main findings from the SEM MLA work will be summarized below.
SEM characterization of third stage leach residue feed material
The bulk of the third stage leach residue sample consisted of oxidised particles composed of Pt-PdRh-Ru-Se-As-S-O, with various other PtPd phases making up the remaining sample. 8% (surface area percentage) was present as silicates. The material tended to be porous particles, containing inclusions consisting of trevorite (NiFe 2 O 4 ) and other spinel minerals, villamaninite of varying compositions ((Cu, Ni, Co, Fe)S 2 ) and silicate gangue (feldspar type). These may have provided nuclei for the growth of the Pt-Pd-Rh-Ru-Se-As-S-O phases. At higher magnification brighter phases, enriched in Pt, Pd, Rh, Ru and in some cases Os were observed, with most of the particles in the micron or submicron level. In some cases, PGE enriched phases appeared to be growing on the surfaces of the silicate gangue and in other places the PGE enriched phases could have been secondary growth from the Pt-Pd-Rh-Ru-Se-As-S-O matrix.
The modal abundance data for third stage leach residue is presented in Table 5 . Since the densities of most of the phases are unknown, the data has been expressed as Area%. Due to the amorphous nature and inherent variability of mineral phases, the compositions measured are approximations of the compositions of the bulk samples. Due to the small grain size of particles, interaction of adjacent particles on the electron beam spot size will contribute to variability of elemental distribution that is used to make up the phase composition by the MLA software. Figure 3 shows a micrograph of the third stage leach residue and illustrates the fineness of grains contained in the larger particles, as well as the intermixed and varying nature of the residue. Figure 3 shows a magnified view of one of the agglomerate particles that contain the PtPdRhRuSeAsS phases together with small grain inclusions. Some grain inclusions are visible at this magnification. Grain M (PtPdRuSeS) could be secondary nucleation and growth within the matrix. Grain J is a chromite type grain (FeCr 2 O 4 ). Grain K is a type of feldspar (alumina silicate) inclusion. Grain L (OsPtPdSSe_CO) shows an enrichment in Os (about 20 weight % content) and some traces of C, which cannot be explained. The point indicated as I is enriched in Pb, Se and S from the rest of the matrix. 
SEM characterization of roasted product
Third stage leach residue that was roasted at 900°C in air for 4 hours in a fluidized bed showed clear increase in crystallinity from the feed product. Figure 4 shows a micrograph taken with the SEM. The presence of a bright alloy phase could be noticed in all the samples, indicated by point E in Figure 4 . This alloy phase consist almost exclusively out of Pt and Pd, with between 3% and 5% Rh also measured. Encapsulated within the bright alloy phase, is very often a lighter phase, indicated by point D in Figure 4 . This lighter phase most probably grew out of the PGM phase and is enriched in Ir, Ru, Rh. This secondary phase contains oxygen and small amounts of Fe and Cu. By far the majority of the PGM content in the sample was confined to the two phases described by point D and E.
Point C indicates a light grey phase that is present between the brighter alloy phases. The composition of this phase is not consistent, but it is mostly an oxidized As, Pb, Ni, Cu, Fe phase. Trace amounts of Te, Os, Ag, Ru and Pt was also found in the phase. The alloy phases (Points D and E) probably grew from the amorphous mixture and left behind the remaining oxide phase shown in Point C, leaving it mostly devoid of Pt, Pd, Ru, Rh and Ir.
Grain A is a Fe, Ni oxide (trevorite) and this grain is surrounded by a light grey matrix shown as Point B. This light grey phase could be seen surrounding most mineral inclusions like quarts, trevorite, chromite, bronzite, etc. The light grey phase shown in Point B is also a varying oxidized As, Pb, Ni, Cu, Fe phase, similar to the phase described by Point C.
The remaining Te in the sample shows some association with Cu, as some areas was found to be simultaneously enriched in Te and Cu.
Grain F is large quartz inclusion and it originates from the silica that was added to the roast to stabilize the fluid bed. Figure 5 show the TGA/ DTA/ SDTA curves on third stage leach material, with the top block of the figure representing the TGA curve, the middle section representing the DTA curve and the lower section representing the SDTA curve.
DTA/TGA/ DSC Analysis
DTA compares a material as it undergoes heating relative to an inert reference. By comparing it to an inert sample, any endothermic or exothermic reactions can be measured as a function of temperature. Differential Thermal analyses (DTA) showed an endothermic range of around 400°C to 550°C. No other significant reactions took place in the 600°C to 1000°C temperature range. Simultaneous Differential Thermal analyses (SDTA) is the application of TGA and DTA to the same sample at the same time.
Thermogravimetric analyses (TGA) measures the change in weight as a function of the temperature. The TGA curve shows essentially a continuous mass loss with increasing temperature, with an accelerated mass loss between 450°C and 550°C. The increased mass loss and endothermic range between 450°C and 550°C probably corresponds to the loss of crystal water. Further heating once again shows continuous mass loss till 1200°C (maximum temperature of TGA test). Total mass loss is around 25% at 1000°C (starting from a product that was dried at 100°C). Table 6 shows the actual mass loss from roasted samples at different temperatures compared very closely to the TGA curves. At higher temperatures (above 800°C), the FactSage predictions on mass loss is comparable to measured values. The variation of the FactSage prediction from actual measurements at 600°C and 700°C is probably due to the kinetic effects relative to the equilibrium prediction of the FactSage results. Under equilibrium conditions FactSage predicts the full oxidation of all the PGMs (apart from Pt and Au) and Base Metals to their respective stable oxides at 600°C, while the XRD analyses in Table 4 confirms the presence of un-oxidized Pd. Other PGMs and the base metals probably did not oxidize to the extent predicted by FactSage. 
RESULTS FROM ROASTING TEST WORK
As already described in the experimental procedure section, two different test work campaigns were performed. The results (removal efficiencies) achieved during these test runs will be summarized below. The interpretation of the results will be done in a separate section and elements will be grouped according to logical divisions, these being PGMs, volatile components, Pb and stable oxides.
Results of the extent of removal of elements/ compounds during the roasting trials
Five stationary roasting tests were performed (30g each) in a muffle furnace at 100°C intervals from 600°C to 1000°C. A draft of air was allowed through the furnace by suction and bubbled through a water scavenger to condense and absorb soluble species. The material was left at temperature for two hours. Table 7 below contains the summary of the results for elements that can display volatile behaviour, as well as the PGMs. The results are expressed as elemental removal across the roast (removed weight of element expressed as percentage of starting weight of element). Sampling error and assaying errors are present where small variations (marginal increase in loss of an element followed by a subsequent mass gain) can be seen in the results of Table 7 . It is clear which elements are effectively removed and are temperature responsive. The low extent of removal of Te, Os and As are noteworthy. FactSage predictions indicated a clear sensitivity of gas volume to achieve acceptable removal efficiency of especially Te.
A fluidized bed roaster was used to provide good gas/ solid contact and should better illustrate what limits of removal can be achieved by the roasting step. The stationary roasting tests showed insufficient removal of Te, Os and As, despite thermodynamic predictions. However, crucibleconcentrate interactions, slow diffusion through the stationary bed and temperature variations throughout the stationary bed are expected to limit the diffusion and mass transfer rates. It was postulated that improved solid-gas contact would increase the removal of these elements (Te, Os and As). Table 8 below contains a summary of the test results that were achieved. The summary is only for roast tests in oxidative environments, although a number of tests were done in inert environments (with N 2 gas) and reducing environments (combination of CO and N 2 gas) to see if there would be an improvement on As removal. This will be discussed in more detail later. The removal efficiencies were not calculated on a closed mass balance (weight in and weight out), as there were some fines carry over to the off-gas in the fluidized bed. It was rather decided to use Pt as a tie element (as Pt is inert throughout the roast and it is the most abundant element in the leach residue which can be analysed with high accuracy). Removal efficiencies were therefore calculated as the difference of the elemental ratio to Platinum for the feed and the final product. Table 9 shows a comparison between the extent of removal achieved with stationary bed roasting, fluidized bed roasting and thermodynamic equilibrium modelling. The table shows a short roasting period and a long roasting period for the stationary bed and the fluidized bed respectively. With the short roasting time, the extent of removal of the fluid bed is higher than the stationary bed. This is reflected in the results of Te removal showing a difference between 28% and 65% removal. It is clear that better amphoteric removal can be obtained in the fluid bed due to the good gas flow control and mixing in the heated chamber, which is not achievable in the stationary bed.
At 6 hour roasting times in the stationary bed, removal efficiencies of Se, Te and As are comparable to the fluid bed roasting at 1 hour. Comparing the fluid bed roasting time of 6 hours with 1 hour , Te removal improves from 65% to 77% and As removal from 45% to 52%. The marginal increase of removal achieved on volatile elements (especially Te, As and Os) at the 6 hour residence time might point to these elements being present in stable compounds that do not show volatile behaviour similar to the pure oxides. The quantitative removal of Se and S and the presence of Ru, Rh and Ir oxides occluded by alloy (from Figure 4) points that oxidation has progressed deep into the agglomerates. This supports the hypothesis that stable oxides are limiting the volatile behaviour of the amphoteric elements, rather than a mass transfer limitation of oxygen during long residence times in a fluid bed reactor.
In the case of Os removal, there is a clear improvement from a 60 minute residence time to a 2 h residence time. Residence times longer than 2h all seem to show removal efficiencies in the 50% range, also indicating that Os volatile behaviour is probably not controlled by the formation of the pure oxide only.
Thermodynamic modelling with FactSage predicts a 100% removal of Se, Te, As, Bi and Os at 900°C. This is based on the formation of pure oxides that have very high vapour pressures at this temperature. The test work in this paper show that Te, As and Os are not forming pure oxides, but rather complex oxide phases that are more stable at the 900°C range. 
DISCUSSION OF ROASTING TEST WORK RESULTS
Discussion of PGM behaviour over the 600°C to 1000°C temperature range S o m e o f t h e P G M s ( R u , R h , P d , I r ) h a v e t h e t e n d e n c y t o o x i d i z e a t t h e l o w e r t e m pe r a t u r e s investigated in this study (600°C to 800°C)
, while some can retain their oxide state to the 1000°C roasting temperature (Rh and Ru). Pt and Au do not oxidize in the roasting temperature range.
However, due to the noble nature of PGMs, they all dissociate to their metallic form as temperatures continue to increase. At higher temperatures (900°C to 1700°C), the vapour pressure of most PGM oxides become measurable and this may translate in Ru and Ir losses to the gas phase as oxide vapour during roasting (Jehn, H., 1984) . Except for Pd, the vapour pressures of all PGM oxides are several orders of magnitude higher than their metallic states. During high temperature (800°C to 1700°C) oxidation in air, Rh has the lowest mass loss to vapour, followed closely by Palladium and Platinum. The mass loss to vapour of Ru and Ir are much higher, whereas Os oxidizes and is lost to vapour most rapidly.
The spe cific be haviour of e ach PGM e lement will now be brie fly discussed. The basis of the discussion is based on modelling results from FactSage (SGNoble solution databases). Where the modelling behaviour was found to differ from the experimental work, it will be highlighted.
Platinum (Pt) and gold (Au) do not oxidize at the lower temperatures (600°C to 1000°C) in air. Their vapour pressures are so low at the roasting temperature range that no losses to the gas phase was predicted by modelling or measured in the test work. Thermodynamic modelling predicts that Pt and Au will always be present in the face centred cubic (FCC) solid solution phase that makes up the bulk of the solid mass. The SEM work showed the presence of a metallic FCC Pt-Pd alloy phase at 900°C. Bulk XRD measurements in Table 4 also confirmed the presence of the metallic FCC Pt-Pd alloy phase. Au was not measured in the alloy, but this might be due to the low content (0.6%) of Au in the original sample. The low Au content of the sample also caused the large recovery variance reported in the roasting test work results.
Palladium (Pd) has the ability to oxidize in the studied temperature range of 600°C to 800°C. PdO 2 is stable until about 773°C, although FactSage predicts that Pd already starts to join the FCC solid solution phase at 650°C. Pure PdO 2 can theoretically dissociate to PdO between 773°C and 804°C, but in the complex residue this does not happen, as Pd rather joins the solid solution phase with Pt. Bulk XRD work reported in Table 4 confirms that Pd in the metallic form is measured across the entire temperature range of 600°C to 1000°C. The XRD results in Table 4 further show the PdO phase present at 600°C and 700°C, but the peak disappears at 800°C. Since this phase stoichiometry could not be verified, no conclusion can be drawn to the oxidation state of Pd at the lower temperatures. SEM work on the 900°C sample confirmed that almost all Pt and Pd was present as a solid solution alloy. No loss to the gas phase as vapour was predicted or measured over the roasting temperature range.
Thermodynamic modelling in FactSage predicts that Iridium (Ir) fully oxidizes to IrO 2 at the lower temperatures in air. In the complex residue matrix, IrO 2 starts to dissociate and Ir joins the FCC solid solution phase between 700°C and 900°C (although most of this dissociation to Ir in the solid solution phase happens close to 900°C). Pure IrO 2 dissociates at about 1030°C and the solid solution matrix lowers the dissociation temperature by almost 150°C. SEM analysis on the roasted sample at 900°C showed that oxidized Ir, Rh and Ru was occluded as a separate phase from the Pt-Pd based alloy. It would appear that Ir does not dissociate to metal to join the FCC solid solution phase at 900°C, as predicted by FactSage.
FactSage predicts small losses of Ir to the gas phase in the form of IrO 3 , with a 0.3% vapour loss predicted to the gas phase between 900°C and 1000°C. The vapour losses of Ir happen through the further oxidation of IrO 2 to IrO 3 (gaseous phase). While the sensitivity of the experimental set-up does not allow measurement of Ir losses less than a couple of percent, Ir losses was measured in the single roasting test done at 1000°C in 40% oxygen atmosphere for a 4 h period (See Table 8 Thermodynamic equilibrium predicts that Rh is present as an oxide in the full temperature range of roasting (600°C to 1000°C), albeit in different oxidation states (4+, 3+ and 2+ respectively). The bulk mineralogical work in Table 4 confirms the presence of Ru and Rh oxides across the entire roasting temperature range. However, at thermodynamic equilibrium it is predicted that Rh will increasingly dissociate from the pure oxide form and join the solid solution phase (Pt-Pd alloy phase from the SEM study) as the temperature increases. The thermodynamic equilibrium prediction of the solution of Rh into the Pt-Pd solid solution phase is shown in Table 10 . SEM EDS analyses on the Pt-Pd alloy (FCC solid solution) phase confirms the presence of some Rh in this phase, typically varying between 3% and 5% weight percentage content. This translates to between a 20% and a 30% distribution of Rh to the FCC Pt-Pd solid solution phase. This compares very favourably with the 27.1% distribution to the metallic FCC phase prediction by FactSage at 900°C.
Thermodynamic equilibrium does not predict any losses of Rh to the gas phase and no measureable losses could be seen during the experimental test work. Pure RhO 2 will change oxidation state to Rh 2 O 3 at about 775°C and Rh 2 O 3 will change to Rh 2 O at about 950°C. Pure Rh 2 O will only dissociate to Rh metal around 1760°C. Despite the higher dissociation temperature (compared to Ru), Rh tends to join solution phases (solid and liquid) easier than Ru due to the compatible FCC crystal structure. Oxidation of the OPMs at temperatures in the 800°C to 900°C range has been noted in the industry. This is in contrast to the PMs (Precious Metals -term used to describe the grouping of Pt, Pd and Au) that remains present as a metal in an oxidizing environment at the same temperatures. Oxidized OPMs have a tendency to be poorly soluble in aqua regia (mixture of nitric and hydrochloric acid) and also in a HCl/ Cl 2 environment, though to a le sse r de gree . Historically, this diffe rence be tween the behaviour of OPMs and PMs after roasting has been used industrially as a crude method to achieve separation between PMs and OPMs, thereby simplifying and optimizing the respective refining circuits for each.
Discussion of volatile behaviour of compounds in the 600°C to 1000°C temperature range
This section will discuss the behaviour of the volatile components of the third stage leach residue. The roasting step is specifically included in the new pyrometallurgical process to remove the volatile elements. Os, Se, Te, S, and As are volatile at low temperatures from a solid state in their respective pure oxides and therefore a low temperature oxidative roast is ideally suited to remove these elements.
The following elements are targeted as part of the roasting process and will be discussed individually -Os, Se, Te, S, and As. Even though Ag is not recovered in the Lonmin PMR process it will also be discussed.
The vapours from the roasting process on third stage leach residue are toxic. Exposure to OsO 4 fumes are known to be toxic, resulting in irritation of the eyes and respiratory system. Chronic exposure will damage the liver, kidneys and skin. Exposure to SeO 2 fumes are known to be toxic, with symptoms including skin and eye irritation, stomach disorders, metallic taste and bad breath (amongst others). Short term exposure to SO 2 fumes may cause breathing difficulties, while long term exposure may cause chronic respiratory illness (US National Library of Medicine NLM website). To avoid human contact with the fumes, good capture and adequate treatment is necessary.
Osmium (Os) is also classified as a PGM, while Au is typically not grouped with the 6 Platinum group metals, although it is a precious metal. In some refineries, Os is not recovered, while Au is recovered in all cases. For this reason Os is discussed under the volatiles and Au under PGMs. Os is the most volatile element of the PGM group as an oxide, and the least as a metal. Pure Os can thermodynamically oxidize to OsO 4 at room temperature and will completely vaporize from around 50°C (under equilibrium conditions), with vapour pressure of OsO 4 increasing with temperature. Os is difficult to analyse accurately since it tends to oxidize during fusion. In this test work ICP-OES and XRF techniques were used for Os quantification. Even though there may be a significant assaying error involved, the trends of Os removal can be viewed as indicative. Os removal increases proportionally from 3% at 600°C to 71% at 1000°C. Thyse et. Al. (2010) reported that Osmium is often found as very small alloy (together with Ru, sharing the HCP crystal structure) inclusions (as secondary growth in a locked matrix) in converter matte. The presence of small Os alloy inclusions was also found in the current SEM work on third stage leach residue material. Where Os could be analysed with the SEM EDS in the roasted product, oxygen was also present in the phase together with Ru and Rh. Thermodynamic equilibrium modelling shows that Os forms several solid solutions with other precious metals in the absence of oxygen. The presence of Osmium in a solid solution could depress the activity and correspondingly the fugacity/ vapour pressure. No literature reference could be found for stable osmates that form and that will not display volatile behaviour.
Selenium (Se) is volatile as an oxide (SeO 2 ) and removal of Se will require Se to oxidize to SeO 2 . Modelling shows Se can be completely removed, and the experimental test work shows that Se removal in the mid ninety percentage range is achievable. It appears that Se removal happens very rapidly and across the full temperature range of roasting. Some of the first crystals that de-sublimated onto the cooler portion of the off-gas duct was collected and analysed during the roasting test work. This was shown to be almost pure SeO 2 . Therefore, off-gas handling systems need to be designed to capture SeO 2 via condensation/ de-sublimation.
Sulphur (S) is present in the third stage leach residue in the form of sulphides (copper and PGM sulphides) and sulphates (lead, nickel and copper sulphates). S removal during roasting will include the oxidation of the sulphides, as well as the dissociation of the sulphates. Table 2 explains the "Open" system modelling to be more accurate by allowing only partial oxidation and loss of S as SO 2 from the system, instead of stabilizing sulphates. Table 11 shows that the "Open" FactSage modelling predicts S removal to proceed very similar to the experimental results. Above 800°C, complete S removal is already achieved. The stability fields of transition metal sulphates decreases significantly with increasing temperature, as have been shown for numerous metals in Kellog (log[P O2 ]-log[P SO2 ]) diagrams. Of the different volatile species concerned in th i s re sid ue , Te i s the only one th at d i spl ay s suc h a st ro ng co rre l ation to g as vo l um e and temperature. The relationship (as modelled in FactSage) between the extent of removal, temperature and gas volume can be seen in Figure 6 . Actual results from the roasting test work testifies to the improved extent of removal with longer retention times and better gas/ solid contact, both leading to higher carrier gas volumes in contact with the solid phase. The fluid bed roasting could achieve around 80% removal of Te at 900°C, while the poor gas flow conditions and short retention times of the first set of experiments could only achieve 40% removal at 1000°C. The experimental data shows that 99% Te removal could be achieved at 1000°C in a 40% oxygen atmosphere for 4h. Four data points at 900°C from the fluidized bed test work show low sensitivity of removal (between 70% and 77% achieved) with variable time and even oxygen potential. SEM EDS work on the roasted sample at 900°C showed that Te was often associated with high Cu and oxygen content. The FactSage "Open" system predicts the form ation of Ca 3 (AsO 4 ) 2 between 650°C and 950°C, thereby limiting the deportment of As to the gas phase to 94% (Table 2) . Unfortunately the FactSage databases available to the author does not include FeAsO 4 and Mg 3 (AsO 4 ) 2 . The presence of the ferric (3+) ion stabilizes iron arsenate as scorodite, and the third stage leach residue will have the biggest portion of Fe present in the ferric state after the strong oxidising conditions experienced in the preceding acidic pressure leaching.
The roasting results from the stationary bed tests supports the viewpoint that a stable arsenic oxide specie forms at higher temperature, since the extent of removal of As drops from about 60% at 800°C to about 30% at 1000°C. The fluidized bed test work shows a consistent removal of around 45% to 50% in the temperature range of 700°C to 900°C. It seems that more residence time improves removal, but only marginally. The single data point in the fluid bed roast at 1000°C and 40% oxygen content shows the best extent of removal of 62%. In order to test the hypothesis that a stable arsenate was limiting the volatile behaviour of arsenic oxide, reductive roasts were done by a combination of N 2 and CO gas before and after the oxidative roast. However, no real improvement could be made on overall As removal when compared to doing only an oxidative roast. The presence of the remaining As in the roasted product was mostly in an oxidized phase associated with Pb, Ni, Fe and Cu.
An investigation was done to see if a stable PGM arsenide could be responsible for the refractory nature of arsenic in the roasting step. A list of known minerals was investigated and modelled in FactSage, but none of the arsenides or sulpharsenides appears to be stable at the roasting temperatures in an oxidizing environment. Although a mechanism for arsenic stability in the leach residue cannot be pre sented at pre sent, it seems that removal of around 50% can be achieved by roasting at temperatures of 850°C to 900°C. 
Discussion of Pb compounds behaviour in the 600°C to 1000°C temperature range
Pb is not volatile during the roasting process, but serves as a major contaminant in the PMR feed. Although the subsequent smelting step will target the removal of lead, it will shortly be discussed in order to understand final speciation.
Anglesite (PbSO 4 ) was detected in the feed sample with XRD (Table 4) , but the Anglesite peak disappears at around 800°C. The "Normal" Factsage system predicts that Pb will only be stable as a sulphate or an oxy-sulphate that will only decompose at around 1040°C which is higher than the roasting temperatures.
Thermodynamic modelling does not predict that the presence of a solid solution matrix will have any effect on the Pb decomposition, as Pb does not dissolve into the FCC solid solution. The SEM EDS analyses on the sample roasted at 900°C confirmed that Pb is present in an oxidized As, Cu, Ni, Fe phase.
Both the near complete removal of S to the gas phase above 800°C, together with the disappearance of the Anglesite peak do not support a stable lead sulphate presence. In the absence of a heat stable sulphate phase, no clear explanation can be provided for the lack of Pb removal to the gas phase.
Discussion of stable oxide compounds behaviour in the 600°C to 1000°C temperature range Table 13 shows the stable oxides weight percentage content as a function of temperature according to FactSage modelling. There are a number of stable oxides in the third stage leach residue, namely the oxides of Si, Cr, Fe, Ni, Cu, Ca, Al and Mg. Table 13 shows some of the major oxides species as they go through phase changes when the temperature increases. Firstly, the Cu and Ni sulphates decompose to leave Ni and Cu free to form stable oxides. In the case of Ni, most Ni ends up as Trevorite in the spinel structure NiO.Fe 2 O 3 . The SEM EDS work on the sample roasted at 900°C confirmed the presence of trevorite spinels. However, Ni was found in an abundant oxidized phase of As, Pb, Ni, Cu. In the case of Cu, the spinel structure CuO.Fe 2 O 3 disappears and Cu joins the FCC solid solution phase between 800°C and 900°C according to FactSage. SEM EDS analysis on the sample roasted at 900°C did not show any Cu in the metallic FCC solid solution phase, primarily consisting of Pt, Pd and some Rh. SEM EDS showed that Cu was distributed consistently in the As, Pb, Fe, Ni and Fe rich phase.
The measurement in Table 4 of 38% trevorite spinel phase could be explained if another spinel type phase was refined as trevorite. The oxidized As, Pb, Ni, Fe and Cu phase observed in the SEM work could potentially have been refined as trevorite, as it is rich in Fe, Ni and O. In the geoscience field, several studies have shown that both Ru and Rh are highly compatible and can be incorporated into spinel structures. For example, the phase CuRh 2 O 4 , Mg(Rh,Ru) 2 O 4 , Cr(Rh, Ru) 2 O 4 has the spinel structure and can form when Rh and Ru is present under conditions where spinel type structures are allowed to crystallize (Capobianco et. al, 1990) . These PGM containing spinels can be prepared by reacting Ru and Rh metal with an oxide phase, if left at temperature (1000°C to 1450°C) for sufficient time (normally some days). CuRh 2 O 4 can be prepared by mixing cupric nitrate with solid Rh 2 O 3 , drying and annealing between 700°C and 900°C (Ismunandar, B. et al, 1999) . Spinel phases, especially chromite is known to be a concentrator of Ru and Rh. The presence of the ferric ion (Fe 3+ ) improves the portioning of Ru to the spinel phase (Brenan, J., et al., 2012) . SEM EDS work confirmed the presence of small amounts of Ru and Rh (between 1% and 3%) in the oxidized As, Pb, Ni, Fe and Cu phase. No Ru or Rh was measured in any of the inclusions that had a clear spinel form and stoichiometry.
If Ru or Rh is incorporated in the refractory spinel phase, it will affect the leachability in subsequent d i s s o l u t i o n s t e p s . Th e p r o c e s s d e v e l o pe d by W e s te r n P l a t i n um L t d a l l o w s f o r a s m e l t i n g s t e p subsequent to the roasting step, in order to collect all PGMs in an alloy phase. Thermodynamically, PGMs have not been found to form stable spinel minerals. Silica (SiO 2 ) will have the opportunity to recrystallize at roasting temperatures. The quartz phase is stable between room temperature and 867°C, after which the phase transformation to tridymite will t a k e p l a c e . T h e p h a s e t r a n s f o r m a t i o n t o c r i s t o b a l i t e w i l l o n l y t a k e p l a c e a t 1 4 6 5°C a n d t h e measurement of cristobalite in Table 4 might be explained by the fact that cristobalite, although metastable, forms in preference to tridymite in high temperature experiments, even in the stability range of tridymite. The presence of silica is consistent with routine assaying of BMR concentrate and originates when slag is imperfectly separated from matte during converter matte granulation.
CONCLUSION
Roasting of PGM concentrate in air at temperatures between 800°C and 900°C is an effective way to remove volatile impurities namely Se, Te, S, Os and As to varying efficiencies. Thermodynamic equilibrium modelling proved to be a useful tool to estimate the behaviour of most elements and minerals, although a number of findings could not be interpreted by the literature that was reviewed or FactSage modelling. Further investigation is merited into the poor extent of removal of Osmium and Arsenic from the BMR residue, the poor removal efficiency of Pb (in the absence of a sulphate phase) and the potential inclusion of Ru and Rh in the spinel phase. The multi-element complex nature of the pressure leach residue and the complex transitions that occur during heating and roasting makes the analyses of results extremely complex, so that a combined approach of thermodynamic modelling, XRD, SEM-EDS, SDTA is required to deconvolute the complexity of the materials and the thermochemical tansitions. The amorphous nature and very fine particulate sizes of a leach residue from an oxidative pressure leach step makes the identification of mineral speciation and association very difficult.
Iridium, Rhodium, Ruthenium and Palladium tends to oxidize at the lower temperatures. The dissociation temperature of Rh appears to be influenced by the presence of a metallic FCC solid solution phase that has time to crystallize at roasting temperatures. Although the vapour pressure of the PGM oxides are several orders of magnitude higher than the metal state (apart from Palladium), no losses of the PGMs to the vapour phase were measured. Further refining of the calcine from the roast is possible during a smelting stage with an engineered slag composition, which will be reported at a later stage.
